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I.  INTRODUCTION 


The  soft  X-ray  spectrum  of  the  solar  corona  is  dominated  by  the 
etnission  lines  of  high  stages  of  ionization  of  iron  auring  flares.  In  large 
flai'es,  the  density  of  lines  from  the  2p-3d  and  2p-3s  transitions  in  the  ions 
1'<‘  Wll  through  Kg  XXIV  has  made  it  difficult  to  identify  individual 
transitions  in  presently  available  flare  X-ray  spectra  (l)oschek,  1975).  In 
addition  to  flare  s()ectra,  the  X-ray  spectra  of  hot  active  regions  also 
disjilay  bright  emission  lines  from  the  2p-3d  and  2p-3s  transitions  in  re  XVII 
and  Ke  Will.  Detailed  observations  (Neupcrt,  Swart/.,  and  Kastner  1973, 
Walker,  Ru  ) Weiss  1974a,  Rarkinson  1975,  Hutcbeon,  F’ye,  aiid  hvans 

197(i)  arv  oulergue  and  Nussbaumer  1973,  1975,  Walker,  Rngge, 

and  Wei.-.>  lyMa)  of  He  XVll  X-radiation  from  active  regions  have  been 
carried  out.  However,  no  comprehensive  and  accurate  observations  of 
similar  radiation  from  Fe  XVIII  are  yet  available.  In  the  presimt  paper  we 
analyze  a number  of  high  resolution  solar  X-ray  spectra  taken  from  the 
OVl-17  satellite,  including  several  taken  after  a moderate  (class  IB)  flare, 
in  which  we  have  been  able  to  identify  all  of  the  principal  Fe  .Will  2p-3d 
and  2p-3s  transitions  previously  seen  only  in  laboratory  plasmas.  1'he  line 
identifications  have  been  carried  out  using  recent  analyses  of  high 
resolution  .spark-excited  laboratory  X-ray  spectra  of  Fe  .XVIII  .ind  have 
resulted  in  the  clarification  of  the  identity  of  several  lines  previously 
obs(>rved  in  the  spectra  of  flares  and  hot  active  regions. 

Theoretical  models  of  thi'  excitation  of  the  spectrum  of  neon-like 
Fe  Wll  (I, oulergue  and  Nassbaumer  1973,  1975)  have  resulted  in  good 
agreement  between  the  predicted  and  observed  relative  intensities  of  the 
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2p-3d  and  2p-3s  transition  arrays.  Unfortunately,  theoretical  collision 
strengths  for  the  more  complicated  fluorine-like  isoelectronic  sequence 
have  not  yet  been  calculated  and,  consequently,  it  has  not  been  possible  to 
calculate  the  relative  intensities  of  the  principal  lines  of  the  2p-3d  and  2p- 
3s  transition  arrays  for  Fe  XVIll.  Neither  has  it  been  possible  to  properly 
include  the  spectra  of  this  ion  in  theoretical  models  of  X-ray  emitting 
astrophysical  plasmas.  In  the  present  paper  we  present  the  first 
comprehensive  and  accurate  evaluation  of  the  relative  intensities  of  all  of 
the  important  2p-3d  and  2p-3s  transitions  in  Fe  XVIII  under  coronal 
conditions  and  use  these  intensities  to  calculate  the  relative  effective 
collision  strengths  for  these  Fe  XVllI  transitions.  In  addition,  we  compare 
the  relative  contribution  of  Fe  XVII  and  Fe  XVIll  X-ray  intensities  from  the 
solar  corona  for  a variety  of  plasma  conditions. 

Section  II  of  this  paper  briefly  describes  the  satellite  experiment  and 
the  X-ray  data.  Section  III  discusses  the  observation  of  the  Fe  XVIll 
spectra,  the  Fe  XVIll  2p-3d  and  2p-3s  wavelengths  measured  by  the  OVl-17 
instrument  and  a comparison  of  these  wavelengths  with  laboratory 
measurements  of  hot  plasmas.  Section  IV  concerns  itself  with  the  relative 
intensities  of  the  strongest  Fe  XVIll  lines  and  the  determination  of  the 
relative  effective  collision  strengths  for  these  transitions.  Section  V 
briefly  assesses  the  importance  of  Fe  XVIII  X-ray  intensities  compared  to 
those  of  Fe  XVII,  the  source  of  the  strongest  coronal  X-ray  lines  from 
active  regions.  Finally,  Section  VI  presents  a summary  of  the  paper  and  its 
principal  conclusions. 


II.  THI-  OVl-17  SATELIJTK  X-RAY  DATA 


i 


Tho  data  presented  in  this  paper  were  obtained  with  an  uneollimated 
Brat^g  crystal  spectrometer  experiment  flown  on  the  OVl-lT  satellite  which 
has  been  previously  described  (Walker  and  Hug^e  1970).  The  experiment 
consisted  of  a solar  pointer  containing  3 scanning  Bragg  crystal  spectro- 
meters (KAP,  ElJiyr,  i.iF  crystals)  which  covered  the  1.5  to  25A 
wavelength  interval.  The  Fe  XVlIl  results  described  in  this  paper  were 
obtaincc.  with  tne  KAP  (potassium  acid  phthi.late)  crystal  and  a photo- 
electric detector.  The  spectral  resolution  of  the  measurements  is  limited 
by  the  inherent  line  width  attributable  to  the  KAP  crystal,  if  larger  than 
1.H7  arc  min.,  or  by  the  on-board  data  sampling  time  (determined  by  the 
satelli*e  t •lemetry)  which  corresponds  to  1.67  arc  min.  of  travel  by  the 
crystal. 

ri.e  data  presented  in  this  paper  were  obtained  on  1969  March  20 
and  21,  wi,h  much  of  the  data  used  for  detailed  quantitative  analysis  having 
been  taken  about  7U  minutes  after  a class  1 li  fhare  which  occurred  on 
March  21  at  ~ 1330  IJ'l.  As  a result,  the  majority  of  the  Fe  XVlIi  and  other 
"hot"  coronal  X-ray  lines  originated  from  a small  region  on  the  solar  disk. 
( onsequcntly,  the  potential  problem  of  artifically  broadened  spectral  lines 
as  a result  of  multiple  strong  sources,  often  encountered  with  full  disk 
measurements  of  the  sun  using  crystal  spectrometers,  is  minimi/ed  for 
these  data  and  the  inherent  instrumental  spectral  resolution  is  attained. 
This  condition  allows  improved  assignment  of  wavelengths  for  emission 
lines. 
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A total  of  eight  spectra  obtained  under  varying  conditions  of  the 
solar  coronal  plasma  were  used  in  the  evaluation  of  relative  line  intensities 
of  Ke  Will  and  in  the  comparison  of  Fe  Will  to  Fe  XVII  line  emission. 
Four  of  these  eight  spectral  scans  were  taken  consecutively,  each  scm 
requiring  4 minutes,  after  the  class  IB  flare. 
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Ill,  UETEKMINATION  OF  THE  WAVELENGTHS  OF  THE  Fe  XVllI 


X-KAY  EMISSION  LINES 


A number  of  experimenters  have  previously  reported  the  observation 
of  Fe  XVlIl  emission  lines  from  the  solar  corona  (e.g.,  Evans,  Pounds,  and 
Culhane  1967,  Neupert  et  1967,  Rugge  and  Walker  1968,  Uoschek, 
Meekins,  and  Cowan  1973,  Walker,  Rugge,  and  Weiss  1974b,  Parkinson  1975, 
and  Hutcheon,  Pye,  and  Evans  1976.)  Most  of  these  n'ported  spectra  have 
been  of  relatively  low  resolution,  with  the  exception  of  those  of  Parkinson 
(1975)  and  Hutcheon,  Pye,  and  Evans  (1976),  both  of  which  had  excellent 
spectral  resolution.  Only  Parkinson  (1975)  has  attempted  an  analysis  of  the 
Fe  XVIII  lines  to  date.  Unfortunately  his  Fe  Will  measurements  suffer 
from  low  counting  rates.  However,  he  does  present  wavelength  measure- 
ments for  six  Fe  XVIII  lines.  Most  of  these  wavelengths  agree  vvell  with  the 
best  laboratorv  measurements  (Feldman  et  1973)  of  these  lines. 

We  have  u.sed  X-ray  spectra  of  the  Fe  XVIil  lines  taken  ~7t)  minutes 
after  a class  IB  flare  on  1969  March  21  to  determine  the  wavelengths  of  a 
number  of  the  strongest  lines  or  line  blends  of  Fe  XVlll  which  occur 
between  ~ 14  to  — 16A.  Over  this  wavelength  region  our  spectral 

o 

resolution  was  ~ 0.01  A,  determined  primarily  by  the  OVl-17  satellite 
telemetry  sampling  rate. 

The  absolute  wavelengths  of  the  Fe  XVlll  lines  were  obtained  by 
using  the  well-determined  wavelengths  of  the  Ne  IX  ls-2p  resonance  line 
(13.447 A),  the  Fe  XVll  2p-3d  (15.012A)  and  2p-3s  ^ Pj  (16.769A)  lines 

and  the  constant  and  well-measured  scanning  rate  of  the  potassium  acid 
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phthalate  Bragg  crystal  (0.2500  deg  s A total  of  eighteen  Fe  XVlIl  lines 
or  line  blends  were  observed  with  sufficient  intensity  to  be  unequivocally 
assigned  a wavelength.  The  wavelengths  were  determined  from  a single 
spectral  scan.  Either  the  scan  taken  at  1442  UT  or  at  1446  UT  on  March 
21  (~70  minutes  after  a class  IB  flare)  was  used  for  the  wavelength 
assignment  of  the  great  majority  of  the  lines. 

Figure  1 presents  the  sum  of  four  spectral  scans  taken  between 
~13.5  and  ~ 15.0 A.  The  four  scans,  taken  between  1442  and  1458  UT  on 
1969  March  21,  were  added  to  better  show  some  of  the  weaker  lines. 
However,  the  addition  slightly  degrades  the  resolution  available  in  a single 
spectral  scan  and,  in  addition,  does  not  indicate  the  appropriate  intensities 
of  the  Fe  XVlIl  lines  relative  to  the  other  strong  lines  as  they  appeared  at 
1442  UT,  the  time  of  the  greatest  emission  of  Fe  XVlIl  radiation  from  the 
previously  flaring  region.  The  expected  positions  of  the  sixteen  2p-3d 
Fe  XVIII  lines,  as  well  as  those  of  several  strong  lines  of  other  ions,  are 
indicated  in  Figure  1.  Four  of  the  Fe  XVIII  multiplets  indicated  in  Figure  1 
are  not  resolved  into  individual  lines  by  our  spectrometer. 

Figure  2 presents  similar  data  for  the  wavelength  region  from  ~15 

O 

to  ~17A.  In  this  figure  three  spectral  scans  have  been  added;  those  from 
1446  to  1458  UT  on  March  21.  The  expected  positions  of  twelve  Fe  XVIII 
lines  are  shown,  with  the  dashed  lines  indicating  those  blended  with 
stronger  lines  of  other  ions.  No  attempt  at  wavelength  determination  was 
made  for  these  blended  lines.  Strong  lines  from  other  ions  are  also 
indicated  in  Figure  2. 
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FK’i,  2 - Sum  of  three  spectral  scans  recorded  by  the  KAP  spectrometer 
on  the  OVl-17  satellite  for  1969  March  21,  The  predicted  positions  of 
the  Fe  XVIII  2p-3s  transitions  are  indicated.  The  dashed  lines  indicate 
blends  with  stronger  lines  of  other  ions. 
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rti(*  Wdvoleiiglh;;  of  the  Fe  XViil  lines  delennined  by  our  spool ro- 


meter  are  presented  in  Table  1 (2p-3d  transitions)  and  in  Taolo  2 (2p-3s 
transitions).  The  wavelengths  are  presented  to  3 significant  figures  after 
the  dei’imal.  The  uneerlaiiuy  in  wavelength  for  the  stronger  lines  is 
estimated  to  be  ± 0.003A.  The  other  information  presented  in  the  tables  is 
dismissed  below  in  IV. 


The  most  definitive  work  to  date  on  the  wavelengths  of  the  emission 

o 

lines  of  Fe  XVlll  in  the  10-20A  region  comes  from  the  laboratory  work  of 
Feldman  £f  (19'<3)  who  have  eonsidered  the  niiorine  isoeleetronie 
sequence  in  great  detail.  Kiarlier  work  on  identification  of  Fe  XVlll  lines  in 
laboratory  plasmas  was  carried  out,  e.g.,  by  Fawcett,  (mbriel.  and  Saunders 
(i;iii7),  Cohen,  Feldman,  and  Kastner  11968),  Connerade,  Peacock,  and 
Speer  (1970),  Cohen  and  Feldman  (1970),  and  Swart/  ^ (1971).  Some  of 

these  investigators  have  questioned  a number  of  idcntificat ions  made  by 
others  listed  here,  including  some  of  Fe  XVlll.  At  present,  the  papm-  of 
Feldman  et  (1973)  seems  to  have  resolved  many  of  tliese  past 
difficulties. 


VVe  have  used  the  wavelength  data  of  Feldman  et  (1973)  for  the 
3s  mid  id  states  which  decay  radiativcly  to  the  ground  state  term  of 
Fe  XVlll  (Is^'^s  2p‘  ^’i/2’-j/2^’  constructed  the  energy  level  diagram 

shown  as  Figure  3o  It  should  be  noted  that  not  all  possible  upper  level 
states  are  shown;  but,  for  the  most  part,  only  those  which  gave  rise  to 
obsiTvable  X-radiation,  It  should  also  be  noted  that  although  no  3[i  slates 
are  diown  they  do  exist,  lying  in  energy  between  3s  and  the  3d  states. 
However,  since  they  cannot  have  an  allowed  transition  to  the  2p'*  ground 
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TAHU  1 


UVl  1/  Feldman  ei  al  (19/31 

OVl  1/  Intens.ly 

Wavelength 

Wavelength 

Riitm  iPhntnnsI 

lAI  ' 

lA) 

Iransitinti 

lUliIll42Al 

13  919 

2 12 
-('.SlOdX  -, 

13  943 

13  954 

3/2  3'/ 

'p„i'sod\,  1 

0 2n±0.02 

14.118 

14.121 

\ hm 

0 08±0.02 

14  1b1 

14  150 

i'ni3d 

0 10±0  04 

14  200 

14,200 

iVnrod^D,  , 

o//  Oi/ 

1 on±o  025 

14  294 

14  255 

0 1 ■} 
'py.^  i ni3ri^S|  0 

0.36±I102 

14,361 

^P^(2-''0'3d  hyy 

14  368 

14.373 

^P,,^  fV)3d  ' D,,,;  , 

; (1 43±ll  0/ 

14419 

7 ] 7 

14  422 

14419 

rVl3d^Fj^,,  1 

0 25±1I.1I15 

14  467 

^P,^^  lhll3d‘^S,^^ 

0 11±0,lll 

14  4/4 

14  485 

^2  ^ 

14  536 

^^3/2 

14  541  1 

14  551 

0 40±0  02 

(^PI3d 

14  589 

14  581 

r'rai 

0 !3±0  015 

14  660 

14  666 

i^ra,i 

0 lli±li,015 

14  /61 

14.//2 

^p„  r'piSd^p,,, 

0 12±0  02 
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TABLE  2 

Ff:  TAM  ?p  3s  Wavelengths  and  Intensity  Ratios 


OVl-17  Feldman  et  al.  11973) 

'avelenqth  Waveienoth 

iA!  lAi  Transition 

0VT17  Intensity 
Ratio  (Photons! 
I(X)/I(14.2A) 

Blended 

15.258 

- 

^3/2 

■('SI3s 

^1/2 

- 

Blended 

15.491 

' 1/2 

-i'S)3s 

^^1/2 

- 

19.B22 

i5.5?3 

l‘0)3.s 

2p, 

‘"'5/2 

0.47±0.03 

15.763 

15.764 

•?o 

'3/2 

rP)5s 

2q 
■ V? 

0.12±0.03 

15.M3u 

15.826 

' P - 
3/2 

i^P!3s  • 

7r 

'3'2 

0.343:0.04 

15.806 

15.869 

h 

^l.'2 

■'ll',  , 

"^3/2 

0.30±0.04 

Blended 

16.003 

^p  - 
^3/2 

rp)3s 

'3/2 

1 

1 

i 

1 

16.024 

^P  - 
"^1/2 

I^P)3s 

1 

i 

r 16.073 

^P  - 
^3/2 

I^P)3s 

^^5/2 

16.078 

16.087 

^P  - 
^1/2 

-I^P)3s 

^P 

3/2  1 

> 1.15±0.0b 

1 

16.109 

^P  - 
1/2 

-i^PI3s 

V J 
^^1/2  ^ 

16.277 

16.270 

^P  - 
^1/2 

■I^Pi3s 

3'2 

0 14±0.ll3 
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FKl.  - Energy  level  diagram  for  Fe  XVlll  showing  those  levels  which 
give  rise  to  observable  X-radiation  by  decay  to  the  ground  state  levels. 
The  asterisks  on  the  quartet  states  indicate  that  not  all  possible  levels 
of  this  configuration  arc  displayed  because  radiation  from  the 
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stale  levels  of  Fe  Will,  they  instead  populate  the  3s  levels  by  decaying  to 
those  states.  The  importance  of  this  effect  upon  calculated  line  intensites 
will  be  discussed  in  IV. 

■Ml  of  the  Fc  Will  \-ray  lines  or  line  blends  observed  by  Feldman  et 

(1973)  have  been  seen  in  the  OVl-17  spectra,  although  several  are 

suffii’ientiy  close  in  wavelength  that  they  cannot  be  resolved  from  each 

other  or.  in  a few  cases,  from  blends  with  other  strong  lines.  However,  the 

majoritv'  of  these  multiple  lines  are  obviously  broader,  in  the  OVl-17 

spectra,  tlian  single  emission  lines.  Tables  1 and  2 list  the  wavelengths 

measured  by  Feldman  et  (1973)  for  the  2p-3d  and  2p-3s  transitions, 

r«!spect ively.  Also  shown  are  the  lower  and  upper  levels  assigned  by 

Feldman  et  a|.  for  each  transition.  In  the  Tables  the  lower  level  of  the 

2 2 

ground  slate  term  is  given  as  either  or  indicate, 

2 •>  5 ■;  2 2 S 2 

respcctivi'ly,  the  Is  2s“2p  'P.^,.,  or  Is  2s  2p  ^\j2  levels.  The  upper 

levels  are  abbreviated  by,  for  example,  listing  the  14.200 A upper  level 
2 2 4, 1 2 1 2 

Is  2s“2p  ( l))3d  “I'r, /2  ^ n)3d  oore  electrons  always  being 

2 2 4 

Is  2s  2p  . A similar  convention  is  used  in  Table  2 for  the  2p-3s 
transitions. 

The  agreement  between  the  Fe  XVIII  wavelengths  measured  by  our 
spci'trometer  on  the  0\  1-17  satellite  and  those  measured  by  Feldman  el  al. 
(1973)  in  a laboratory  plasma  are  excellent  even  for  the  weaker  lines  and 
well  within  the  uncertainties  of  measurement  for  both  experiments.  This 
agreement,  as  well  as  the  behavior  of  the  lines  measured  during  a variety 
of  sr.lar  conditions,  convinces  us  that  all  of  the  lines  observed  do  indeed 
belong  to  the  Fe  Will  ion. 
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One  of  the  lines  observed  by  the  OVl-17  spectrometer  and  listed  as 

o 

a line  of  I’e  Will  in  Table  1 at  14.660 A was  not  observed  by  Feldman  et 
(1973)  in  the  laboratory.  However,  the  close  correspondence  of  the 
measured  wavelength  to  that  calculated  for  the  Fe  XVIII  transition  and  its 
behavior  with  solar  activity  leads  us  to  believe  it  is  an  Fe  XVIIl  line  as 
indicated  in  Table  1. 


F 


IV.  Ko  Will  KLLATIVK  INTENSII'IES  AND  RELATIVE  EFFECTIVE 


COLLISION  STRENGTHS 

This  section  discusses  the  relative  intensites  of  the  Fe  XVlll  lines  (or 
line  blends)  measured  by  the  OVl-17  satellite  spectrometer  and  the 
relationship  of  those  measured  intensities  to  effective  collision  strengths 
for  the  appropriate  transitions.  The  deduced  effective  collision  strengths 
are  compared  to  the  only  available  calculations  which  make  use  of  the 
Bethe  approximation  and  the  results  of  such  a comparison  are  presented 
and  discussed.  Potential  problems  arising  from  line  blends  are  also 
discussed  in  this  section,  as  is  a comparison  with  previously  obtained 
results. 


a)  Fe  XVlll  Relative  Intensities 

The  measured  Fe  XVlll  photon  intensities  relative  to  the  photon 
intensity  of  the  Fe  XVlll  line  at  14. 200 A,  the  strongest  Fe  XVlll  line 
observed,  are  presented  in  Table  I (2p-3d  transitions)  and  in  Table  2 I2p-3s 
transitions).  These  ratios  and  their  uncertainties  were  determined  as 
follows:  For  each  spectral  scan  in  which  a given  line  was  visible,  its 

relativr'  intensity  was  determined  by  correcting  the  counts  in  each  line  by 
the  wavelength  dependent  efficiency  of  the  spectrometer.  ( I'his  is  a 
r<dalively  small  correction  since  all  the  lines  lie  between  ~ 14  and  16A.) 
The  uncertainty  attributable  to  each  line  was  that  associated  with  the 
counting  statistics  of  that  line  and  its  background  subtraction.  A weighted 
aveiage  of  the  relative  intensity  for  each  line  was  then  obtained  using  all 
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of  the  spectral  scans  (a  maximum  of  eight)  in  which  that  line  was  clearly 
discernablc.  All  hut  the  weakest  lines  appeared  in  most  of  the  eight 
available  spectral  scans.  Five  of  the  eighteen  Fe  XVlll  lines  observed  had 
intensities  (after  background  subtraction)  represented  by  more  than  1000 
counts,  four  had  intensities  represented  by  less  than  200  counts;  the 
remaining  lines  had  intensities  represented  by  between  200  and  1000 

c 

counts.  For  the  four  lines  with  the  lowest  number  of  counts  (14.118A, 
14.1f)lA,  15.7H3A  and  I6.277A),  the  uncertainties  owing  to  decisions 
concerning  background  subtraction  and  limits  of  spectral  integration  are 
probably  greater  than  those  shown,  which  result  from  counting  statistics 
only. 

b)  Fast  Theoretical  Calculations 

The  primary  mechanism  for  populating  excited  levels  in  Fe  XVlll, 
which  lead  to  the  radiative  transitions  of  interest  in  this  paper,  is 
collisional  excitation.  Thus,  to  calculate  the  Fe  XVlll  X-ray  intensities 
collision  strengths  are  required,  as  are  oscillator  strengths  to  calculate 
radiative  branching  ratios  from  excited  states.  While  detailed  calculations 

of  the  collision  strengths  required  to  calculate  the  collisional  excitation 
rates  in  neon-like  Fe  XVll  have  been  carried  out  (Loulergue  and 
Nussbaumer  1973,  1975),  the  more  difficult  fluorine-like  Fe  XVlll 

calculations  have  not  yet  been  attempted.  For  the  case  of  Fe  XVll 
boiilcrgue  and  Nussbaumer  (1973)  first  used  a 36  level  scheme  to  describe 
the  statistical  equilibrium  equations  including  terms  up  to  n = 3.  A similar 
calculation  for  Fe  XVlll,  i.e.,  including  all  n = 3 levels,  would  necessitate  a 
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calculation  with  92  levels.  Loulergue  and  Nussbauraer  (1975)  have  recently 
carried  their  Fe  XVII  calculations  further  to  include  n = 4 levels,  adding 
another  89  levels.  However,  they  included  only  a total  of  51  Fe  XVll  levels 
in  their  line  intensity  calculations  and  found  only  relatively  minor  changes 
from  the  res\hts  c»  the  36  level  (up  to  n = 3 only)  caleulations.  Until  at 
lea-tt  H complete  calculation  up  to  and  including  the  n = 3 levels  is 
completed,  a detailed  comparison  between  measured  and  calculated 
Fe  XVlll  X-ray  line  intensities  cannot  be  meaningfully  carried  out. 

Tucker  and  Korea  (1971)  have  estimated  the  "summed"  collision 
strengths  for  the  2p-3d  and  2p-3s  transitions  in  Fe  XVlll.  These  estimates 
Vi/ere  obtained  by  scaling  the  collision  strengths  for  boron-like  ions.  In  turn, 
the  boron-like  collision  strengths  were  obtained  by  using  calculations  of 
Bely  and  Petrini  (1970)  for  the  excitation  of  2p-nl  transitions  in  lithium-like 
ions.  Inasmuch  as  the  Fe  XVIII  wavelengths  and  correct  designations  of  a 
number  of  levels  were  not  well  known  at  the  time  of  the  work  of  Tucker 
and  Keren  (1971)  and  because  only  an  order  of  magnitude  accuracy  can  be 
expected,  these  calculations  do  not  serve  as  an  effective  check  on  any 
experimentally  obtained  results. 

Kato  (1976)  has  also  carried  out  an  estimate  of  the  "summed" 
collision  strength  for  Fe  XVlll  using  similar  techniques.  His  "summed" 
collision  strength  differs  from  that  of  Tucker  and  Koren  (1971)  by  a factor 
of  20. 


c)  Effective  Collison  Strength  Definition 

The  .basic  theory  of  collisional  excitation  and  subsequent  radiation  of 
coronal  ions  has  been  put  forth,  for  example,  by  Van  Regemorter  (1962). 


Using  this  theory  it  can  be  shown  that  the  energy  flux  at  the  earth,  E (ergs 
-2-U 


cm'^s"^),  for  a given  transition  between  states  j and  i may  be  written  as: 
(see,  e.g..  Walker  1972) 


E 3.05  X 10 
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>J  iU  ; 


G(T)  M(T)  dT 


(1) 


where  E.^  is  the  energy  difference  between  the  upper  (j)  level  and  the  lower 


(i)  level  (ergs),  S?  is  the  temperature-averaged  collision  strength. 


u)  ^ = 2Jj-^l  is  the  statistical  weight  of  the  lower  state,  a^  is  the  number  of 
hydrogen  ions  per  electron  in  the  plasma,  is  the  elemental  abundance 
relative  to  hydrogen  and 


E.. 


G(T)  = T exp  (-  1^) 


(2) 


where  T is  the  electron  temperature,  k is  the  Boltzmann  constant  and 


azj,(T)  is  the  fraction  of  the  element  Z in  ionization  stage  z (z  = 18  for 


Fe  XVIII)  determined  from  ionization  equilibrium  considerations.  !V1(T)  is 
the  differential  emission  measure  given  by 


J Vl(T)dT  = 


‘■dV 


(3) 


-3^ 


where  n is  the  electron  density  (cm  ).  The  branching  ratio,  B..,  must  be 
e J 1 


included  if  excitation  from  the  ground  level  i to  the  upper  level  j can  result 
not  only  in  a decay  back  to  level  i but  also  to  another  level  lying  below  the 
upper  (j)  level. 
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iJ  , ttio  temperature-averaged  collision  strength  is  defined  by 


= y 0-)  exp  (-  1^)  ^ 


i2(K)  is  related  to  the  cross  section  for  collisional  excitation  from  state  i, 
a ( H ).  bv 


Q (1^) 


(5) 


where  m is  the  electron  mass,  E the  energy  of  the  incident  electron  and  the 
other  symbols  have  their  usual  meaning.  Since  ‘J  is  usually  only  weakly 
dependent  on  energy  near  threshold  (see,  e.g.,  Walker  1972)  the  approxima- 
tion is  often  made  that  Q ^ Q evaluated  at  threshold. 

It  should  be  noted  that  the  collision  strength  defined  by  eqns.  (1),  (4) 
and  (5)  I.  the  usual  definition,  but  differs  from  that  used  by  Tucker  and 
Korea  (1971)  m that  they  include  the  statistical  weight  of  the  initial  state, 
in  their  definition  of  the  collision  strength. 

1he  effective  collision  strength,  ^ can  be  defined  as 


Q-E..  . 
eff  ji 


(fi) 


Ihus,  wneii  a radiative  transition  from  level  j to  i results  only  from  level  j 
being  tilled  i)y  collisional  excitation  from  level  i (the  so-called  coronal 
excitation  condition),  the  effective  collision  strength  may  be  deduced  from 
the  line  mu'nsity  by  use  of  equations  (1)  through  (6). 
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The  relative  effective  collision  strength  for  two  lines  frt)tii  the  same 


ion  may  be  obtained  in  terms  of  the  measured  intensities  of  the  relevant 
transitions  (I  and  2)  of  interest  from  equations  (1)  and  (6)  as 


^^,ff(l) 


/?gff(2)  ■^2 


(7) 


where  we  have  assumed  the  integral  J' G(T)M(T)dT  is  identical  for  both 
transitions.  The  cos  are  the  statistical  weights  of  the  lower  levels  of  the 
transitions  and  the  As  the  wavelengths  of  the  relevant  transitions.  In  fact, 
since  G(T)  contains  a term  involving  the  energy  of  the  transition  (see  eq.  2) 
this  approximation  is  only  valid  when  comparing  transitions  with  similar 
wavelengths  as  is  the  case  for  the  Fe  XVllI  transitions  of  interest  here. 
The  same  ratio  can  also  be  obtained  in  terms  of  the  measured  photon 
intensity,  1,  ratio  as 


"efr"> 


“I'l 


(a) 


For  the  purpose  of  this  paper  we  use  equation  (8)  as  the  ilefinition  of  the 
relative  effective  collision  strength.  Thus,  we  may  use  the  measured 

o 

Fe  XVllI  photon  intensities  relative  to  the  14.200A  Fe  XVIII  transition  given 
in  Tables  1 and  2 to  calculate  directly  the  Fe  XVlIl  effective  collision 
strengths  relative  to  the  effective  collision  strength  for  the  14.2l)0A 
transition. 
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d)  Interpretation  of  Effective  Collision  Strength  for  Fe  Will 


The  interpretation  of  the  effective  collision  strength  for  an  ion  ns 
complex  ns  Fe  Will  is  not  as  simple  as  for  an  ion  in  which  the  coronal 
excitation  condition  applies  rigorously.  There  are  two  primary  reasons  for 
the  departure  from  this  struightlorward  interpretation;  (1)  cascades  (very 
probably)  play  an  important  role  in  populating  a number  of  important  levels 

•)  9 

of  Fc  Will,  and  (2)  Fc  Will  has  two  ground  state  levels  (“>’3/2  •'  ” 

sec  Fig.  11)  both  of  which  can  serve  as  the  lower  level  in  radiative 
transitions,  but  only  one  of  which  effcctivelv  serves  as  the  lower  level  for 
collisional  excitation  ("P.>,„).  Thus,  while  the  operative  definition  of  the 

oi  L 

relaiive  effective  collision  strength  (liquation  8)  in  terms  of  the  observed 
radiation  from  a given  transition  will  yield  tlic  appropriate  relative 
intensity  ratio  for  a hot,  optically  thin  astropliysical  or  lutioratory  plasma, 
it  will  not  necessarily  ""ovide  accurate  results  if  the  relative  collision 
strengths  are  used  for  collisonal  excitation  calculations.  The  lack  ot 
accuracy,  for  various  transitions,  will  vary  directly  with  the  importance  of 
the  two  conditions  given  above  relative  to  that  of  the  coronal  excitation 
condition. 

Mthough  no  calculations  have  b('cn  performed  to  date,  it  is  antici- 
pateit  that  cascades  will  play  a significant  role  in  populating  a number  of 
important  levels  in  Fe  Will.  This  conclusion  is  reached  by  analogy  with 
the  situation  tor  Fe  Wll  where  detailed  calculation  have  been  performed 
theoretically  and  a comparison  has  been  mace  with  experimental  results 
(Loulergue  and  Nussbau.ner,  111?!)).  In  Fc  Wll  the  strongest  effect  of 
cascades  is  on  the  3s  states.  For  this  ion  only  a few  percent  of  the 


por.uintion  of  the  3s  leveis  arises  froin  collisional  excitation  directly  from 
the  r^roiinc  staiC.  The  majority  of  the  3s  level  population  arises  from 
easoades  from  3p  levels,  many  of  which  ar“  populated,  in  turn,  by  cascade 
from  the  3d  levels.  A similar  set  of  3o  exist  in  Fe  XVHl.  States  in 


••■■hicr,  a 2s  electron,  rathe,  than  a 2p  electron,  is  excited  can  also  lead  to 


isc.ade.s  to  the  2o '.3d,  .3p  and  3s  levels  in  Fe  XViil.  In  view  of  these  results 


for  ?e  XVii.  it  seems  reasonable  that  these  same  mechanisms  may  operate 
for  Fe  XViU  to  some  dei*ree.  To  the  extent  that  they  do  operate,  the 
useful  ness  of  the  rehative  effeelivo  eollision  strengths,  inferred  from 
raduitive  intensities,  for  coilisiona'.  cNcilation  calculations  is  diminished.  It 
is  enticioated.  by  analogy  with  ?e  XVil,  that  the  effect  will  be  greatest  for 
the  3s  stales.  Some  evidence  for  tliat  view  is  presented  in IV  f.  The 
cascade  effect  amy  al.so  af.'ect  the  .3p  states,  but  its  importance  cannot  be 
properiy  assessed  at  this  time. 


Another  diffieulty  for  Fe  XVIll  is  the  presence  of  two  ground  state 
2 ' 2 2 

levels,  the  Is  2s“2n''  and  (see  Fig.  3).  Radiative  transitions 

from  upoer  levels  to  both  ground  state  levels  occur  (see  Tables  1 and  2)  and 

thus  equation  (8)  may  be  used  to  infer  an  effective  collision  strength 

(."elative  to  the  14. 2A  t."ansition  effective  collision  strength)  for  a 

2 

transition  having  a ground  state  level  P^/2*  However,  the  excitation 

which  gave  rise  to  this  transition  in  all  probability  did  not  arise  from  this 

2 

g."ound  state  level  but  rather  from  the  ground  state  level.  This  may 
be  easily  demonstrated  hy  approximating  the  situation  by  assuming  the  two 
ground  levels  form  a two-level  ion  and  calculating  the  relative  populations 
of  the  two  levels.  The  necessary  collision  strength  may  be  accurately 
extrapolated  from  data  presented  by  Blaha  (1969)  and  the  magnetic  dipole 


Ik, 
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trHn-<ition  probability  for  the  transition  obtained,  from  Petrosian 

(1970)  or  Kastner  (1976).  If  a temperature  of  ~ 5 x lO^K  is  assumed  (the 

“1/2 

variation  with  T goes  only  as  T ),  the  electron  density  must  exceed 

10  “ cm  ' before  even  one  percent  of  the  ground  state  ions  populate  the 
2 

P|  level.  Thus  the  effective  collision  strength  ratios  for  transitions 
2 

involving  the  "Pj/o  level  have  meaning  only  for  calculating 

radiative  intensity  ratios,  and  not  for  collisional  excitation  from  that 
state. 


e)  Modified  llethe  Approximation 

Although  no  detailed  calculations  on  the  collisional  excitation  of 
F'e  Will  have  been  carried  out  an  approximation,  which  is  oiTen  used, 
relates  the  collision  strength  to  the  oscillator  strength.  This  is  the  llethe 
approximation  modified  by  vise  of  the  averaged  riaiint  factor,  g,  as  intro- 
duced by  Seaton  (1962)  and  Van  Rogemorter  (1962).  This  approximation  is 
only  valid  for  allowed  transitions  and  at  high  energies,  where  the  short- 
range  interaction  between  the  perturbing  electron  and  the  atomic  eh'ctron 
may  be  neglected.  Although  this  modified  llethe  approximut ion  hit'-  been 
extensively  used  in  astrophysics,  straightforward  application  of  ttu'  g 
empirical  formula  may  give  considerable  error  for  cross  s,<t.tion  determina- 
tions (Bely  and  Van  Regomorter  1970). 

The  approximation  may  be  written  as 


8 7T 


Ut 


iTj^bj 


I,.  II: 


(9) 


where  gjj  is  the  averaged  Gaunt  factor,  Xjj  is  the  wavelenglli  of  tlie 
transition,  h and  c have  their  usual  meaning,  f.j  is  the  oscillator  strength, 
is  the  Rydberg  and  the  other  parameters  have  been  defined  earlier  in 
this  paper.  Evaluating  the  constants  one  obtains, 

i?  ~ 0.0159  u.f  .g..  X . li..  (10) 

•^‘efl  1 ij  ^ij  ij  Ji 

where  A jj  is  in  A.  Therefore  the  ratio  of  effective  collision  strengths  for 
two  transitions  1 and  1 is 


(11) 


It  is  assumed  the  averaged  Gaunt  factors  are  equal  for  the  two  transitions. 
This  assumption,  often  made,  must  be  used  since  no  calculations  of  the 
Gaunt  factor  exist  for  Fe  XVIII.  Mewe  (1972)  has  presented  interpolation 
formulae  for  the  averaged  Gaunt  factors  for  several  isoelectronic 
sequences,  but  not  that  of  FI.  In  any  case  he  treats  only  excitation  to 
atomic  levels  without  taking  into  account  their  rnultiplet  structure. 

Thus,  relative  effective  collision  strengths  may  be  approximated  bv 
use  ot  equation  (11)  if  the  oscillator  strengths  for  the  transitions  of  interest 
are  known. 

f)  Results  for  the  Relative  Effective  Collision  Strengtlis 

The  effectivi'  collision  strengths  for  the  Fe  XVIII  transitions 
measured  by  the  OVl-17  spectrometer  relative  to  the  effective  collision 
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slrciiRtli  I'or  ttio  slron{f  1-e  Will  line  at  14. 2A  may  be  obtained  direetly  by 
iisint:  ecjuation  (8)  and  the  listed  intensity  ratios  of  the  transitions  given  in 
Tables  and  2.  The  results  are  given  in  Tables  3 and  4 for  the  2p-3d  and 
2p-3s  transitions,  respectively.  The  values  with  the  asterisks  are  those  line 
hler'ds  for  which  tlic  collision  strengths  had  to  be  weighted  because  of  an 
admixture  of  the  two  ground  state  levels  in  the  blend.  This  is  discussed  in 
the  next  suti-section. 

Ue  have  attempted  to  compare  these  experimentally  obtained 
results  with  calculations  based  on  the  modified  Hcthe  approximation  tiy 
using  equation  (11).  In  order  to  carry  out  this  ealculation  the  oscillator 
strengths  and  branching  ratios,  which  can  be  derived  from  the  oscillator 
strengths,  arc  required.  Dr.  R.  D.  ('owan  has  previously  calculate  l the 
(unpublishod)  n-quired  oscillator  strengths  for  Fe  Will  using  ilaiTroe-Fock 
•wave  fiinetioiis  in  a manner  similar  to  his  earlier  ealciilations  (Cowan  19f)7, 
i;U)8)  for  use  in  the  paper  by  Feldman  ct  (1873).  Dr.  Feldman  has 
kindly  made  these  calculations  available  to  us.  Using  Cowan’s  oscillator 
strengths  mid  the  transition  designations  of  Feldman  et  al.  (1973)  wi'  havi' 
calenlatod  the  relative  collision  strengths  for  both  the  2p-3d  and  2p-3s 
transitions.  The  results  arc  shown  in  the  last  column  of  Table  3 and  4, 
respectively. 

Examination  of  Table  4 shows  that  aU  values  of  tlie  collision 
strength  ratios  calculated  by  the  Uethe  approximation  arc  substant iailv 
below  their  measured  values.  We  believe  this  is  strong  evidence  to  indicate 
that  the  role  of  cascades  from  the  3p  levels  to  the  3s  levels  is  as  iiigiortant 
in  I c Will  as  in  t o WIl.  U this  is  indeed  the  case  a meaningful 
comparison  between  the  two  sets  of  values  cannot  be  made. 
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I'or  thi‘  2p-3d  tr-uisitions  ( Tfiblc  3),  ovoii  for  the  -Nlronger  lii\es,  ttu> 
is  fjenerally  not  too  good  with  differences  between  the  Kethe- 
.ipproximation  ealeiilntion  and  the  measured  ratios  lieing  up  to  a factor  of 
ttiree.  [or  some  of  the  weaker  lines  ttie  difference  is  even  larger.  The 
worst  case  is  for  our  weak  14.1  ISA  line  where  the  measured  ratio  is  ~ 10 
times  smalh'r  than  th<‘  theoretical  prediction.  1-or  this  case,  as  has  been 
done  for  all  the  other  lini's  if  possible,  we  have  checked  other  available 
data  for  the  relative  line  strengths  and  find  general  agreement  with  our 
immsured  valiies  as  opposed  to  the  Hethe-upproximation  calculations. 

Ue  have  used  tlie  visuaiiy  estimated  (from  film)  Fe  Will  relative 
line  strengths  as  (jualilalively  presented  by  Feldman  et  al.  (1973)  to  discern 
strong  from  weak  lines  in  their  plasma,  the  conditions  of  which  may  have 
differed  considerably  from  those  in  the  sol.ir  corona  at  the  time  of  our 
measurements.  (Qualitatively  our  results  agree  with  theirs.  Hutcheon,  I’yo 
and  Hvans  (197t)l  have  published  a high  resolution  X-ray  spectrum  of  the 
corona,  also  taken  about  1 hour  after  a small  flare.  Unfortunately  they 
have  only  provided  the  intensity  ratios  of  a number  of  Fe  XVll  lines.  I'heir 
spectra  are  quite  similar  to  ours  for  the  time  period  from  1442  to  14.s8  LIT 
on  1969  March  21.  Therefore,  we  have  used  their  spectra  ns  shown,  and 
also  information  orovided  in  their  paper  concerning  the  efficiency  of  their 
Hi  igg  spectrometer,  to  make  estimates  of  the  relative  intensities  of  those 
Fe  Will  2p-3d  lines  we  could  easily  observe  in  their  spectra.  The  semi- 
quantitative  results  we  obtain  arc  in  excellent  agreement  with  our  relative 
intensities  for  the  2p-3d  transitions.  VVe  therefore  conclude  this  is  further 
evidence  that  our  measured  line  intensities,  on  which  the  experimental 


relativp  effective  collision  strengths  are  based,  are  correct  and  any 
disagreements  with  calculations  based  on  the  modified  Bethe  approximation 
result  from  one  or  more  of  three  potential  difficulties. 

The  first  possible  reason  for  the  disagreement  between  calculated 
and  measured  2p-3d  relative  collision  strengths  may  be  the  influence  of 
cascades  on  the  3d  levels.  Although  the  effect  should  be  smaller  than  on 
the  2p-3s  transitions  of  Fe  XVlll,  Table  4 dramatically  illustrates  the 
effects  of  cascades  for  2p-3s  transitions.  Until  detailed  calculations  are 
performed,  the  influence  of  cascades  on  the  3d  levels  of  Fe  XVlll  cannot  be 
properly  assessed. 

The  second  and  third  potential  reasons  for  the  discrepancy  between 
the  measured  and  calculated  values  in  Table  3 have  to  do  with  the  modified 
Bethe  approximation.  As  mentioned  earlier,  the  approximation  is  only  valid 
at  "high"  incident  electron  energies,  where  short-range  forces  can  be 
neglected.  The  temperature  in  the  coronal  plasma  may  not  be  high  enough 
to  make  this  approximation  valid.  Additionally,  it  was  necessary  to  assume 
that  the  gs  were  equal  for  all  transitions.  Variations  of  g from  its  usual 
assumed  value  of  ~ 0.2  of  a factor  of  two  or  three  are  observed  (see,  e.g., 
Mewe  1972)  and  may  also  account  for  some  of  the  discrepancies  in  Table  3. 

g)  Potential  Problems  with  Line  Blends 

The  possibilities  of  blended  lines  add  a further  degree  of  complica- 
tion to  the  analysis  of  the  already  complex  Fe  XVlll  analysis.  A first,  and 
relatively  minor,  problem  was  mentioned  in  the  last  sub-section.  In  Tables 
3 and  4,  three  line  blends  (14.422A,  14.474A,  16.078A)  have  admixtures  of 
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2 2 

the  two  ground  state  leveLS  ( their  lower  level.  Therefore, 

the  application  of  equation  (8)  is  not  straightforward  since  a value  must  be 
assigned  for  the  statistical  weight  of  the  lower  level  of  the  transition.  For 


these  three  cases  we  have  weighted  the  contribution  to  each  blend  by  the 
value  the  theory,  based  on  the  Betne  approximation,  would  give  to  each. 
This  approx; maticn  may  be  somewhat  valid  for  the  2p-3d  transitions,  but 
should  not  oe  expected  to  be:  as  good  for  the  2p-3s  transitions  because  of 
the  cascading  effects  from  the  3p  levels,  discussed  above,  which  it  is  not 
possible  to  take  into  account  properly  in  this  procedure.  However,  the 
maximum  error  introduced  by  this  uncertainty  is  a factor  of  2,  the  ratio  of 
tne  statistical  weights  of  the  two  ground  state  levels. 


A potentially  more  important  problem  occurs  because  of  the 
possibility  of  other  re  X'/lli  transitions  lying  sufficiently  close  in  wave- 
length to  observed  Fe  XVIll  lines  to  form  unresolved  blends.  Feldman  et  al. 
,1973)  discuss  this  possibility  in  their  work  on  the  fluorine  isoelcctronic 

sequence.  They  find  that  this  difficulty  may  exist  for  three  Fe  XVlIi 

4 1 

excited  levels  which  have  the  2p  ( D)  3d  configuration;  the  three  potential 

pairs  of  "blended"  levels  are  the  ^^3/2^’  ^^^^3/2’  ^*^1/2^’ 

•2  2 

' ^i/2’  ^5/"^  where  the  first  level  of  each  pair  is  the  designation  used  by 
Feldman  et  fl973)  in  our  Tables  1 and  3.  The  theoretical  wavelength 
calculations  of  Feldman  et  (1973)  cannot  distinguish  between  the 
possibility  of  a single  level  or  two  levels.  Their  laboratory  observations 
cannot  distinguish  between  these  possibilities  in  the  fluorine  isoelcctronic 
sequence  beyond  about  S VIII  for  the  first  two  pairs  of  levels  and  beyond 
about  Sc  Xlil  for  the  third  pair  of  levels.  For  lower  members  of  the 
isoelectronic  sequence  both  levels  give  rise  to  individual  observable  lines. 
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The  i-ffect  of  including  the  three  additional  Fe  XVIll  levels  gives  rise 
to  the  possii)iiity  of  five  blended  lines,  those  at  14.200A  and  14.419A  for 

o o 

the  first  pair  of  levels,  those  at  H.ISOA  and  14.361A  for  the  second  pair  of 
levels,  and  that  at  U.llofiA  for  the  third  pair  of  levels.  (VVe  have  used 
Feldman  ^ al-'s  (19731  wavelengths.)  The  possibility  of  blends  with  the  line 
at  11.41 9 A have  already  been  ineludi'd  in  Tables  1 and  3 (and  in  the 
ealculation  of  relative!  collision  stn  ngtii  in  Table  3).  The  line  arising  from 
the  (*l>)3d  j level  at  14.419 A contributes  slightly  less  than  1/2  of  the 
calculated  relative  collision  Urength  (which  is  too  low  by  a factor  of  5)  of 

o 

tfie  line  we  observe  at  14.422  A.  Thus  its  existence  or  nonexistence  cannot 
reconcile  this  particular  calculation  with  the  observation.  2'he  first 
possible  blend  listed  above  is  the  most  iinportant  ( D.  P.,  ,.J  since  we 

D/  L o! u 

2 

have  used  the  14.200A  to  normalize  all  other  collision 

c 

strengths.  The  presence  of  the  transition  , with  an  intensity  given  by 

the  llethe  approximation  and  Cowan's  oscillator  strength,  has  the  effect  of 
increasing  the  collision  strength  for  the  14.20UA  line  by  about  30%.  If  this 
were  the  only  ''blended''  transition,  it  would  uniformly  decrease  all  of  the 
other  2p-3d  and  2p-3s  relative  collision  strengths  by  a factor  of  I..3.  While 
obviously  changing  the  results  of  a comparison  of  the  Bethe  calculation  and 
observations,  it  would  not  result  in  overall  better  agreement  between  them. 

Furthermore,  there  is  no  reason  to  expect  only  one  "blended"  level 
will  be  significantly  populated  without  the  other  possible  "blended"  levels 
being  populated.  We  havi'  therefore  carried  out  a calculation  assuming  all 
leveC  that  may  exist  will  he  populated  according  to  Bethe  approximation. 
Again,  tie  net  result  i>  the  same.  Although  individual  lines  change  the 
ratios  of  the  calculated  to  observed  relative  collision  strengths,  the  overall 
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agreement  is  not  improved  by  these  procedures.  Therefore,  we  believe, 
even  with  the  inclusion  of  other  potential  Fe  XVllI  levels  which  could  give 
rise  to  additional  "olended"  lines,  the  agreement  between  the  calculated 
relative  collision  strengths  using  Cowan's  oscillator  strengths  and  the 
modified  Bethe  approximation,  and  the  observed  collision  strengths  is  not 
improved.  Presumably  the  discrepancy  results  for  the  reasons  given  in  the 
last  sub-section.  At  the  present  time  we  endorse  Feldman  et  al.'s  (1973) 
designations  for  the  various  transitions,  which  are  based  on  a study  of  the 
entire  isoelectronic  sequence,  until  evidence  that  the  other  potential 
"blended"  2p‘^  D)  3d  levels  are  of  importance  is  produced. 

h)  Comparison  with  a Previous  Analysis  of  Fe  XVlIl 

Before  leaving  the  subject  of  collision  strengths  it  should  be  pointed 
out  that  Parkinson  (1975)  has  analyzed  six  Fe  XVllI  lines  observed  in  his 
high  resolution  X-ray  spectra  taken  from  a rocket.  His  strongest  Fe  XVllI 

O 

line  (14. 2A)  had  but  60  counts,  his  weakest  12,  and  the  four  remaining  lines 
24  counts  each,  after  background  subtraction.  Consequently,  the  accuracy 
of  the  line  intensities  and  the  collision  strengths  derived  by  Parkinson  are 
limited  by  the  relatively  poor  statistics.  Parkinson  (1975)  uses  equations 
essentially  similar  to  our  equations  (1)  and  (10)  to  evaluate  the  oscillator 
strength  for  his  observed  transitions;  however,  he  neglects  the  branching 
ratio,  in  his  formulation.  (He  also  adopts  Tucker  and  Keren's  (1971) 
nonstandard  usage  of  the  definition  of  the  collision  strength  incorporating 
the  statistical  weight  factor.)  In  Parkinson's  (1975)  Table  X he  presents  his 
inferred  oscillator  strengths  for  Fe  XVllI  which  are  all  a factor  of  ~ 100 


smaller  than  would  be  estimated  from  the  analogy  with  Fe  XVII  as  well  as 


from  Cowan's  calculations  (which  were  not  available  to  Parkinson), 
Therefore  we  have  redone  his  Fe  XVlIl  calculation  using  only  information 
presented  in  his  paper  for  abundances,  ionization  equilibria,  differential 
emission  measure  and  line  intensities.  With  this  information  we  have 
attempted  to  rederive  his  values  of  the  Fe  XVIll  oscillator  strengths.  We 
find  values  almost  exactly  a factor  of  100  higher  than  those  given  by 
Parkinson.  In  order  to  cheek  our  calculation,  we  performed  a similar 
calculation,  again  using  only  Parkinson's  data  and  assumptions,  for  his 
15.01  A line  of  Fe  XVll  and  obtained  a result  that  agreed  with  his  to  within 
<2l)'ib.  Therefore,  we  assume  an  error  in  arithmetic  by  a factor  of  100  was 
made  by  Parkinson,  and  to  obtain  values  properly  reflecting  his  analysis 
both  the  deduced  values  of  his  oscillator  strengths  and  collision  strengths 
for  Fe  XVllI  (only)  should  be  multiplied  by  a factor  of  100.  Taking  into 
account  the  limitations  in  statistical  accuracy  of  Parkinson's  intensity 
ratios  for  the  six  Fe  XVIII  lines  he  observed,  these  ratios  are  in  agreement 
with  ours  listed  in  Tables  1 and  2. 
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V.  Ke  Will  AND  Fe  XVII  KFLATIVK  X-KAY  INTKNSITll-S 


XVI!  X-radiatioM  between  ~ 13.5  and  17.5 A represents  the  largest 
energy  flux  emanating  from  the  solar  corona  for  tiny  ion  in  this  wavelength 
range.  This  wavelenglli  range  is  important  because  many  solar  X-ray 
measurements,  some  with  relatively  poor  spectral  resolution,  have  obtained 


data  in  '.his  spectra  region.  For  example,  both  the  -S-05  1 (Krieger  1D76)  an<l 
S-()5ii  (McKen/.ie,  private  communicatioti)  X-ray  telescopes  flown  on  Skylab 
F.ad  at  least  otu,-  filter  position  in  whicli  one  or  >nore  of  the  Fe  XVII  X-ray 
lines  accounted  (by  calculation)  for  > 20%  of  the  energy  deposited  on  their 
film  recording  the  solar  imago  in  X-rays  at  coronal  temperatures  often 
found  in  active  regions.  Fortunately,  with  recent  theoretical  (boulergue 
and  Nussliaumer  1975)  and  experimental  (Walker,  Ruggi,  ind  Weiss  1974a, 
Farkinson  1'375,  lUitcbeon,  Pye,  and  Evans  1976)  work  a proper  assessment 
of  the  amount  of  energy  emitted  by  the  Fc  XVII  ion  can  be  made  for 
essentially  any  optically  thin  astrophysical  plasma.  As  has  been  stated 
i.'arlier  in  this  paper,  this  is  not  the  situation  in  any  sense  for  Fe  XVIII,  No 
detailed  theoretical  work  has  been  carried  out  to  date  on  Fe  XVlIl  fluxes 


and  this  paper  is  the  first  experimental  work  to  present  a relatively 
accurate  and  detailed  examination  of  Fe  XVIII  X-radiation  from  the  corona. 


For  thi'.;  reason  we  will  compare  the  relative  energy  flux  of  the  total 
Fe  XVII  and  Fe  XVIII  <-ray  emission  from  the  solar  corona.  Relatively 
li'tle  \-ray  flux  IS  emitted  by  eitiier  ion  outside  the  13  to  17. 5A  region, 
compared  to  the  energy  emitted  within  this  wavelength  region. 


W('  have  us(  il  aia;,t  sp<  I'tral  -vivins,  tulifi)  over  Uu*  two  dwy  period 
HiiiV  Mareti  :ili  and  21.  lo  oinaiii  Iti'’  onort^y  ratio  of  the  I'e  Will  flux 
relative  to  L>olh  tli*'  ^tronttest  l-e  \\H  faiisition  at  la. ill  \ (2f>-;)d^Pj)  and 
to  tlie  total  leXvll  flux  in  tfie  It  to  17. \ waveleni.;tfi  interval.  These 
data,  alon^;  witit  other  cel  iteri  da',  i,  > pn'senteil  in  Table  ft.  \ variety  of 
sol.ii"  conditions  vailed  ourin;:  itulividu.d  scans  as  can  be  seixn  from 

iiUerisity  oi  tlu‘  I'e  Will  line  at  l-i..  \ (in  countst  >iiio  the  Fe  Will  (14. '2  X) 
to  i e WT!  (!5.ti!  '\)  c:ier;;y  flvix  rali<.>s.  As  has  tioen  mentioned  tiefore,  the 
four  eoiiseeutive  spectra  taken  Ixeginmn^'  at>oiit  1442  L’T  on  19t>P  'Vlarch  21 
followed  a class  IB  flare  which  occur' cf)  ~ 1 T.tn  eJ  V.  !'h  is,  the  change  in 
the  ’'spectral  hardness’'  of  the  spectra  can  f>e  determined  as  a fiiiictioti  of 
time  after  the  flare  trom  the  data  jircscnted  in  the  tatile. 

As  can  be  seen  from  the  fourth  and  fifth  columns  of  Table  T),  a non- 
negligible  amount  of  X-radiation  may  originate  from  f'e  XVIII  ions, 
especially  during  and  after  flares  us  well  as  from  '■hot''  active  regions. 
Thus,  an  accurate  estimate  of  Pe  WTIi  X-radiation  produced  by  hot, 
optically  thin  astrophysical  plasmas  is  essential  to  precise  calculations  of 
energy  loss  ano  spectral  outfait  of  such  plasmas  as  well  a.s  to  the 
int(>r()retation  of  broad-band  or  low  resolution  X-ray  pictures  of  the  sun. 


t 
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TABIE  B 

Comparison  of  FnJMil  and  FeSZE  Inmnsiiies 


Dais 

11969) 

FeM(14.2Al 
Intensity  (Counts) 

IDJlAi 

F'lbOlAI 

£ (FeMDl 
FI15.01A1 

ElFemi 
F (FeM 

20  March 

0528  IJ.T. 

44 

0,04 

0 23 

0 06 

0615  U.T. 

131 

0.09 

0.56 

015 

21  March 

0419  U.T. 

342 

0.14 

0.82 

0 22 

0423  II.  1. 

365 

0.13 

0,77 

0,20 

1442  U.T. 

612 

0.24 

1.4 

0 38 

1446  U T. 

639 

0 21 

1.2 

0 32 

1450  UT. 

546 

0.17 

10 

0.26 

1454  U.I 

30/ 

015 

0.90 

0,23 
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VI.  SUMMARY  AND  DISCUSSION 


In  this  paper  we  have  presented  the  fir'll  aec'ijratc  and  cornprehen- 
■avt'  measurements  of  the  wavelengths  and  relative  intensities  of  the 
strongest  \-ray  lines  of  f"e  Will  einitted  by  the  solar  corona.  'I'he  fe  Win 
data  were  obtained  from  eight  relatively  higli  resolution  X-ray  spectra  of 
the  sun  taken  from  a Bragg  crystal  spectrometer  flown  on  the  OVl-17 
satellite  on  1;169  March  20  and  21.  VVe  have  definitci\  identified  eigtiteon 
Fe  Will  coronal  lines  or  line  blends  and  compared  thfur  wavelengttis  with 
the  b(;st  available  values  obtained  from  measurements  of  iiot  lauoratory 
[)lasmas.  The  agreement  between  the  solar  and  laboia'.ory  wavelengths  is 
excellent.  VVe  have  used  the  measured  Fe  Will  relative  intensities  • • 
deduce  the  relative  effective  collisions  strengtiis  for  tins  i'./ii  an  ! 
essentially  all  of  the  higher  / iiembers  of  the  fluorine  isoelectronu- 
sequence  since  •/"  L]  constant  for  the  higher  / values  along  an 
isoelectronic  sequence.  The  use  of  these  dedueod  relative  ''ollision 
strengths  in  collisional  excitation  calculations  was  mentruied  aid  the 
potential  complicating  effects  of  cascade  processes  were  discussed  m 
detail. 

Tti('  OVl-17  deduced  relative  collision  strengths  were  compared  (■< 
calculations  of  the  sfinio  (fiiantities  using  the  modified  Bcthe  apfiroxima- 
tion.  In  all  eases  the  2p-3s  calculated  collision  strength  ratios  were 
significantly  smaller  than  the  values  obtained  from  the  OVl-17  satelliti* 
Fe  Will  line  intensity  im  a -rurements.  VV'e  concluded  this  was  evidence  for 
the  existence  of  strong  casc-ml.ng  effects  from  the  3p  to  the  3s  levels  in 
Fc  Will.  While  agreement  between  the  Hethe  approximation  caleulations 
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and  the  OVl-17  relative  collision  strengths  was  better  for  the  2p-3d 
transitions  than  for  the  2p-3s,  it  was  not  nearly  as  good  as  the  accuracy  we 
believe  is  inherent  in  Cowan's  calculated  oscillator  strengths.  Reasons  for 
this  discrepancy  were  presented  as  were  potential  complications  to  the 
an.tly  .is  from  line  blends.  It  was  concluded  that  potential  line  blending 
cou.d  .lot  remove  the  discrepancy  between  the  calculated  values  and  the 
values  deduced  from  the  OVl-17  X-ray  spectra. 

All  eight  X-ray  spectra  were  used  to  compare  the  X-ray  energy  flux 
of  the  corona  in  Fe  XVIII  to  that  in  Fe  XVII  for  a variety  of  solar 
conditiotis.  It  was  concluded  that  Fe  XVllI  X-radiation  is  non-negligible 
compared  to  that  of  Fe  XVll,  especially  from  hot  active  regions  and,  pre- 
sumably, from  flares. 

In  the  work  presented  in  this  paper  we  have  used  only  relative  in- 
tensities rather  than  absolute  intensites  for  tlie  Fe  XVIII  emission  lines. 
There  are  several  important  reasons  for  this.  First,  the  relative  efficiency 
of  the  OVl-17  KAP  crystal  spectrometer,  over  a short  wavelengtii  region, 
is  substantially  better  known  than  the  absolute  efficiency.  However,  we 
believe  we  know  the  absolute  efficiency  to  within  a factor  of  two.  Second, 
in  order  to  derive  absolute  Fe  XVIII  line  intensities  the  differential 
emission  measure  function,  M(T)  (eqn.  (3)),  must  be  derived.  Craig  and 
Brown  (1976)  have  shown  that  the  problem  of  determining  differential 
emission  measure  is  ill-conditioned  and  may  not  lead  to  unique  solutions. 

The  third  problem,  for  Fe  ions  in  general,  is  with  the  G(T)  function 
or,  more  precisely,  with  the  ionization  equilibrium  part  of  its  calculations, 
i-e.,  a^2  (see  eq.  2).  Until  very  recently  Jordan's  (1969,  1970)  calculations 
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of  I ) have  been  almost  universally  used  in  eoronal  calculations. 

Recently,  however,  Jacobs  el  id.  (1977)  have  included  additional  autoioni- 
zation terms  in  a detailed  ionization  equilibrium  calculation  which  have  the 
major  effect  of  shifting  tfie  peak  of  the  ionization  equilibrium  curves  as 
calculated  by  Jordan  (1969,  1970)  toward  lower  temperatures  by 

~ 1.5  X 10^°K  for  Fe  XVIII.  Until  it  becomes  clear  which,  if  cither,  of  the 
two  calculations  are  correct  for  Fe  ions,  it  appears  to  be  a thankless  task 
to  attempt  a proper  evaluation  of  the  absolute  intensities  of  our  Fe  will 
(or  Fe  XVll)  line  intensities.  This  statement  probably  a;)(>lies  equaily  well 
to  other  recent  ami  future  Fe  ion  line  measurements  in  the  X-ray  region. 

In  any  case,  we  believe  the  most  valuable  contribution  experimental 
measurements  can  make  to  the  understanding  of  Fe  XVIll  line  emission 
from  the  solar  corona  are  the  relative  intensities  of  these  lines,  given  in 
Tables  1 and  2.  It  was  precisely  these  observed  intensity  ratits,  for 
Fe  XVll,  that  led  to  a reassessment  of  the  theory  (Pottasch  1966)  ami  the 
subsequent  theoretical  understanding  of  that  complex  ion  (l.oulerguc  and 
Nussbaiimer  1975).  \ similar  understanding  of  Fe  XVIll  awaits  the  difficult 

and  tedious  calculation  of  the  collision  strengths  similar  to  that  performed 
by  l.oulergue  and  Nussbaumer  (1973)  for  Fe  XVll. 
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IHh  IVAN  A.  CKrXINC  I-ABORATORIES 


Tht*  La^K)rHtl.^^y  t>perations  of  The  Atrospace  Corporation  is  conducting 
exp«*  ri  mental  and  theoretical  investigations  necessary  for  the  evaluation  and 
apolication  of  scientific  advances  to  new  military  concepts  and  systems.  \'er* 
satilitv  and  flexibility  ha\e  been  developed  to  a high  degree  by  the  laboratory 
oersonnel  in  dealing  with  the  many  problems  encountered  ;n  the  nation's  rapidlv 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  trie  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

.Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 

fer, reentry  ph.ysics,  chemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
o:  excited  species  in  rocket  plumes.  <hemical  thermodynamics,  plasma  and 
laser -i  ntiue  c<l  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Elect  ronics  Research  Laboratory;  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics:  quantum  electronics, 
lasers,  and  electr*>-optics;  communication  sciences,  applied  electronics,  semi- 
condu.'ting.  superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging:  atmospheric  pollution:  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory;  Developnient  of  new  niaterials;  metal 
matrix  coniposites  and  new  forms  of  carbon:  test  and  e.aluation  of  graphite 
and  ceramiis  in  reentry:  spacecraft  materials  and  electronic  components  in 
nuilear  weap*>ns  environment,  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Sc  u-nces  Laborator^^:  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  ilensity  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  ohvsics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy:  the  effects  of  nuclear  explosions, 
magnet.*  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionospherx.-,  and 
n-agnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tions in  spare  on  space  systems. 
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